There is very little understanding of tellurium (Te) distribution and behaviour in sedimentary rocks. A suite of 15 samples of reduction spheroids (centimetre-scale pale spheroids in otherwise red rock), including samples from eight localities in Triassic red beds across the British Isles, were mapped for Te using Laser Ablation-Inductively Coupled Plasma-Mass Spectrometry. Almost all showed enrichment in Te in the cores of the spheroids relative to background red bed concentrations, by up to four orders of magnitude. Some were also enriched over background in gold and/or mercury. In one case, discrete telluride minerals were recorded. The data show that Te is mobile and can be concentrated in low-temperature sedimentary environments, controlled by redox variations. The consistency in enrichment across widely separate localities implies that the enrichment is a normal aspect of red bed diagenesis and so likely to be controlled by a ubiquitous process, such as microbial activity.
Introduction
The mobilization and concentration of gold (Au) are attributed particularly to high-temperature processes in magmatic, metamorphic and hydrothermal environments (Afifi et al., 1988; Cook and Ciobanu, 2005) . However, there is a growing recognition that reduction, commonly microbially mediated, can cause the solubilization and redistribution of Au and associated elements including tellurium (Te) at low temperatures. Tellurium is of increasing technological importance (Zweibel, 2010; Turner et al., 2012; Zepf et al., 2014) and is a critical metal for the development of low-carbon energy technologies in Europe (Moss et al., 2011) . In this study, we analyse reduction spheroids developed ubiquitously in red bed successions under possible microbial mediation, to test for Te enrichment, and find that almost all examples exhibit the concentration of Te over background levels by up to several orders of magnitude. Many similarly exhibit concentrations of mercury (Hg). Tellurium and Hg, among others, can be pathfinder elements for Au, and in many cases, the spheroids are also enriched in Au.
Tellurium can fix Au within telluride minerals in Au ore deposits in a range of settings and can be a pathfinder element in Au exploration (Boyle, 1979; Ciobanu et al., 2006) . Conventionally, Au deposition is attributed to medium-to high-temperature environments, where Te is regarded as mobile and available (Afifi et al., 1988; Cook and Ciobanu, 2005) . By contrast, almost nothing is known about the behaviour of Te in sedimentary rocks, and except for some exceptional ocean floor deposits (Hein et al., 2003) , anomalous sedimentary concentrations of Te are unknown. Mercury concentrations in siliciclastic rocks are also extremely low (McNeal and Rose, 1974) . Accordingly, Te and Hg are not known controls on Au distribution in sedimentary environments.
Gold mineralization can occur in or adjacent to continental red beds (red sandstones and mudrocks), implying the mobilization and fixing of Au by low-temperature processes (Shepherd et al., 2005; Spinks et al., 2016) . To date, such deposits are exceptional and have been linked to anomalous Au availability through volcanic activity (Colman and Cooper, 2000) . However, there is a growing recognition that reduction can cause the solubilization and redistribution of Au and other rare metals at low temperatures (Shepherd et al., 2005) . This raises the possibility that there may be widespread mobility of Au in sediments with variable redox conditions, in contrast to its purported inert behaviour.
Continental red beds have a history back to the early Proterozoic, when sedimentation in oxidizing conditions first occurred. However, there were times when their occurrence was especially widespread, including the Mesoproterozoic, the Devonian (Old Red Sandstone) and the PermoTriassic (New Red Sandstone). Red beds from each of these times contain abundant reduction spheroids, i.e. centimetre-scale pale spheroids in otherwise red rock, attributed a microbiological origin by many workers, and containing metal-rich cores (e.g. Harrison, 1975; Hofmann, 1990; Spinks et al., 2010; Zhang et al., 2014) . This study assesses whether Te, Hg and Au become concentrated in these low-temperature red bed features, focusing on Triassic rocks that have never experienced high (>150°C) temperatures.
Material and methods
A set of 10 samples (eight localities, two duplicates to test consistency) of Triassic age over 900 km of the British Isles were analysed by laser ablation-inductively coupled plasmamass spectrometry (LA-ICP-MS) to produce maps showing patterns of enrichment against background (Fig. 1 . Samples were chosen with a core about 2 mm in diameter, suitable for seven or eight laser transects. Analysis was performed using a UP213 laser ablation (LA) system (New Wave) coupled to an Agilent 7500ce inductively coupled plasma-mass spectrometer (ICP-MS). LA-ICP-MS was tuned for maximum sensitivity and stability using standard SRM 612 for trace elements in glass (NIST), optimizing the energy fluence to about 2 J/cm 2 . A semi-quantitative calibration was provided using MASS-1 Synthetic Polymetal Sulfide (USGS). Samples and the standard were analysed using a 100-lm diameter round spot moving in a straight line at 50 lm s
À1
. A 15-s laser warm-up preceded 30 s of ablation (1.5 mm) and a 15-s delay. 82 Se and 125 Te were monitored for 0.1-s dwell time each. The average count signal from three lines over 20 s of the ablation was calculated for each element. The standard was used to calculate the concentration (lg g À1 )/counts ratio, which was multiplied by the sample counts to estimate the concentration. Bulk Te measurements were made on 2 cmsized nodules from Budleigh, England, and Kirtomy, Scotland. The background (mudstone without spheroids) Te content for six occurrences was measured using solution ICP-MS. Spheroids from several localities in the Triassic of the East Midlands of England (Fig. 2) were studied using an ISI ABT-55 scanning electron microscope. Reduction spheroids in that region occur in the Mercia Mudstone Group, especially in the Cropwell Bishop Formation (Elliott, 1961) . The four sites sampled in the East Midlands (Fauld, Bantycock, Cropwell Bishop, Gipsy Lane) are all in active or former gypsum workings (Fig. 2) , as are the sites in Ireland. In the East Midlands, Elliott (1961) noted that the spheroids in mudstones 'may form local marker bands where they occur in profusion, as they do for instance in the roof of the . . . gypsum mines'.
Results
The LA-ICP-MS maps show Te enrichment in 9 of 10 Triassic samples ( Fig. 1) (Belzile and Chen, 2015) . Whole core values of 2.4 and 4.5 p.p.m. (Table 1 ) confirm enrichment over background by orders of magnitude. Seven of 10 spheroids also show Hg, and all show some degree of Au enrichment, up to five orders of magnitude (Fig. 3) . Comparison of data from multiple laser transects, and >100 individual analyses, on each sample, which produce sensible maps (Fig. 3) , was used to conclude that measurements were consistent and reliable. We emphasize the pattern of concentration at the cores, rather than the precise level of enrichment. Different elements show different enrichment patterns (Fig. 2) , just as they are zoned variably in roll-front deposits, due to variable response to redox changes (Reynolds and Goldhaber, 1983) . The degree of enrichment will vary between spheroids at the same locality, as demonstrated at Knocknacran and Bantycock (Fig. 1) , but the significance of the dataset is that enrichment occurs consistently in widely separated localities. The samples of other ages also exhibit enrichment, giving us 15 examples in total (Table 1) . Exceptionally, at Cropwell Bishop (Fig. 2) , spheroid cores contain grains of a bismuth telluroselenide (Fig. 4) with a composition referable to kawazulite (Kato, 1970) . Maps prepared for Se did not show clear enrichment patterns in most cases. At Fauld, Bantycock, Gipsy Lane and Cropwell Bishop, selenide minerals (notably clausthalite) were detected by SEM as abundant micron-scale grains in the spheroids, as they were in the Devonian spheroids from Millport (Spinks et al., 2014) .
Discussion

Conditions of concentration
The Triassic samples have never experienced temperatures exceeding 100°C. They have very shallow burial histories, typically no more than 2 km, and the maximum temperatures reached at two of the sites in central England and northwest Scotland are estimated at about 80°C (Kilenyi and Standley, 1985; McKinley et al., 2012) . At these near-surface temperatures and the high oxygen levels implied by red beds and neutral to alkaline conditions, Te oxyions predominate (McPhail, 1995) , so Te should be mobile until it reaches a redox boundary, where it could become concentrated by progressive precipitation. The predominance of Te concentration over Se is consistent with the strongly oxidizing environment (Schirmer et al., 2014) .
The data (Figs 1, 3 and and Table 1) show that there is consistent enrichment of Te, Hg and Au in the reduction spheroids, including spheroids from other geological periods. The degree of enrichment varies between spheroids, including between paired spheroids from a single locality, but enrichment occurs regardless of locality or age. The geological history of the samples chosen constrains the enrichment process to a low-temperature mechanism. The reduction features on which the enrichments are based are a widespread feature of modern-day buried sediment, in which most of the reduction in Fe(III) is caused by Fe(III)-reducing bacteria (Lovley, 1997) , including thermophilic species that persist to deep burial. Where this bacterial activity is extensive, the red colour is stripped off sand grains and the sediment turns grey (Lovley, 1997) ; mottling of reduced and oxidized sediment develops, analogous to what is observed in the geological record, which is thus reasoned to reflect microbial activity (Lovley et al., 1990) . Fe(III)-reducing bacteria can reduce a range of other metals and metalloids, including V, Cu, Mo, U and Se, by substituting them for Fe(III) as electron acceptors (Coates et al., 1996; Lovley, 1997) . (Reynolds and Goldhaber, 1983; Min et al., 2005) . This reflects the precipitation of Se under changing redox conditions. The concentration of Se in red beds is favoured by the affinity of Se for iron oxides (Lovley, 1997) , which are abundant in red beds. Trace elements in iron oxides are released during recrystallization in the subsurface (Frierdich and Catalano, 2012; Latta et al., 2012) into potentially mineralizing fluids. The occurrence of Te mineralization in red beds is much less known, reflecting both the low crustal abundance (about 1 p.p.b., Rudnick and Gao, 2003) and its lower mobility in oxidizing environments. However, like Se, Te can be concentrated by an affinity for iron oxides (Harada and Takahashi, 2008) .
There is a wider context to the Triassic red bed mineralization reported here. The Triassic Cheshire Basin (Fig. 1) , contiguous with our sampling region in the East Midlands, has been exploited for red bed-hosted copper mineralization, in which traces of Au, Hg and Se are recorded (Plant et al., 1999) . This is an association comparable with that recorded in the spheroids. The consensus model for mineralization in the Cheshire Basin follows more generalized models for red bed mineralization, in which a reduced sulphur-bearing fluid interacts with an oxidized metal-bearing fluid. In the Cheshire Basin, the Mercia Mudstone Group is proposed as a source of metal-rich fluids derived from iron oxide grain coatings (Plant et al., 1999) . This is pertinent because a comparable Log shows a stratigraphic section for the former gypsum mine at Cropwell Bishop (after Lowe, 1989) , indicating the horizon of mudstone containing reduction spheroids from the upper part of the mine. Low-temperature tellurium and gold in red beds • J. Parnell et al. Terra Nova, Vol 28, No. 3, [221] [222] [223] [224] [225] [226] [227] . The spheroids may represent a localized product of the more basin-wide processes that mineralized the Cheshire Basin.
Implications for mineralization
The association of Te and Au is typically encountered in magmatic, metamorphic and hydrothermal deposits (Cook and Ciobanu, 2005; Ciobanu et al., 2006) . Similarly, the association of Hg and Au is one normally associated with magmatic systems, metamorphic rocks and placer deposits derived from these rocks (Healy and Petruk, 1990; Naumov and Osovetsky, 2013) . The data reported here show that temperature is not a constraint and that where Te and/or Hg are available, regardless of temperature, Au may be linked to them.
The data for Triassic samples are particularly pertinent to Au mineralization of the sub-Permo-Triassic unconformity in Europe. From the UK to the Czech Republic, Au has precipitated close to the unconformity, interpreted as a redox boundary (Shepherd et al., 2005) . The data from numerous Triassic sites indicate that the redox concentration of Au and associated elements is widespread and need not require an exceptional source.
The evidence for a localized enrichment of Te, Hg and Au in the samples from 15 localities over a large area, and also in rocks of different ages, indicates that this may be a normal feature of continental red beds. This knowledge may help develop new strategies to search for Te and Au deposits in continental strata, including the evaluation of roll-front deposits, oil/gas fairways and unconformity surfaces below continental strata, all of which provide redox boundaries where Te and Au could be concentrated.
Conclusions
Examination and analysis of the reduction spheroids show that they are consistently enriched in Te, and in some cases also in Hg, Au and Se. The implications of this are as follows:
(i) Low-temperature Te mobilization may be a normal feature of red bed diagenesis.
(ii) Te can be concentrated locally in sediments to the point at which discrete Te minerals are precipitated. (iii) The Te could be co-concentrated with gold, as in magmatic and metamorphic environments. 
